Purpose: The aim of this study was to obtain a better understanding of the cellular contributions to the porcine global flash mfERG by using a pharmacologic dissection method, together with the method using variation of stimulus contrast which has been used to demonstrate mfERG changes in human glaucoma. Methods: Global flash mfERGs with different stimulus-contrast settings (99%, 65%, 49% or 29%) were recorded from 14 eyes of ten 6-week-old Yorkshire pigs in control conditions and after suppression of inner retinal responses with inhalation of isoflurance (ISO), and injections of tetrodotoxin (TTX) and Nmethyl-D-aspartic acid (NMDA). ON-and OFF-pathway responses were isolated by injection of 2-amino-4-phosphonobutyric acid (APB) and cis-2,3-piperidinedicarboylic acid (PDA). ResultsThe porcine global flash mfERG consisted of an early direct component (DC) and a late induced component (IC). ISO and TTX removed inner retinal contributions to the IC; NMDA application further abolished the oscillatory wavelets in the DC and removed the residual IC waveform. The inner retina contributed regular oscillation-like wavelets (W1, W2 and W3) to the DC and shaped the IC. After removing the inner retinal contributions, the porcine global flash mfERG waveform becomes comparable to that obtained with conventional mfERG stimulation. The remaining waveform (smoothed DC) was mainly contributed by the ON-and OFF-bipolar cells as revealed after APB or PDA injection. Photoreceptors contributed a small signal to the leading edge of N1. The characteristic of contrast response function of DC was demonstrated to be contributed by the inner retinal oscillation-like wavelets. ConclusionWe believe that the DC of the porcine global flash mfERG is mainly composed of contributions from photoreceptors, and ON-and OFF-bipolar cells, where inner retinal activity partially shaped the DC with superimposed regular wavelets. However, the IC is dominated by inner retinal activity. The contrast response functions of DC consisted of both outer retinal response and oscillation-like wavelets of the inner retinal response. Both contain different characteristics during contrast modulation of the stimulus, where the changes of W2 of the inner retinal response seem independent of contrast modulation. The DC contrast response feature depends mainly on the relative contribution of inner retinal activities; the loss of inner retinal cells may alter the DC contrast response function, making it tend toward linearity.
Introduction
The multifocal electroretinogram (mfERG) allows for objective assessment of multiple localized retinal functions simultaneously in a brief recording session (Sutter & Tran, 1992) . Investigation of the cellular contributions to the mfERG in primates, has advanced the application of this technique in responses from normal and diseased eyes (Hare & Ton, 2002; Hood, Frishman, Saszik, & Viswanathan, 2002) . Application of pharmacological dissection methods has suggested that human first-order kernel mfERG responses are mainly generated from distal retinal layers with contributions from photoreceptors, and ON-and OFF-bipolar cells (Hood et al., 2002) . This finding supports application of the mfERG to a range of outer retinal dysfunctions (Huang et al., 2000; Vajaranant, Szlyk, Fishman, Gieser, & Seiple, 2002) . In addition, non-linear components of retinal responses, which are generated by interactions between responses to successive flashes, are shown as higher order kernels (Sutter, 2000) . Although much clinical data has already demonstrated that these responses are affected in retinal diseases which are largely restricted to the inner retinal layers (Chan & Brown, 1999 Palmowski & Ruprecht, 2004) , the relatively poor signal-to-noise ratio and the contributions from both inner and outer retinal neurons to the higher order responses have limited their further utility.
To enhance the contribution of the inner retinal response to the human mfERG, an alternative stimulus mode, with temporal interposition of global flashes, has been introduced to evoke a large non-linear component that is thought to reflect activity from inner retinal cells (Sutter, Shimada, Li, & Bearse, 1999) . This global flash paradigm provides an interaction between the multifocal flashes and the periodic global flash (Shimada, Bearse, & Sutter, 2005) , and has been widely reported to assess retinal adaptive mechanism (Chen, Brown, & Schmid, 2006; Chu, Chan, & Brown, 2006 Fortune, Bearse, Cioffi, & Johnson, 2002a; Palmowski, Allgayer, Heinemann-Vernaleken, & Ruprecht, 2002; Palmowski-Wolfe, Todorova, Orguel, Flammer, & Brigell, 2007) . Thus, it is important to understand further the related changes of the global flash mfERG waveform to particular retinal cells.
The important work of Hood and colleagues has shown that there is a larger contribution of the inner retina to the rhesus monkey's mfERG than to the human mfERG (Hood et al., 2002) . The waveform of the human first-order mfERG response and the rhesus monkey mfERG show close similarity only after removal of the inner retinal influences (Hood, Frishman, Viswanathan, Robson, & Ahmed, 1999a; Hood et al., 1999b; Hood et al., 2002) . Therefore, we used another animal model which is also structurally close to the human for our investigation. The porcine eye model has recently been used in studies of retinal transplantation (Ghosh & Arner, 2002) , photoreceptor degeneration (Li et al., 1998) and glaucoma . The porcine retina is cone photoreceptor-rich (Beauchemin, 1974; Chandler, Smith, Samuelson, & MacKay, 1999; Hendrickson & Hicks, 2002) . Moreover, the pig retina consists of the same layers as the human retina and the vascular anatomy, histology and physiology of the pig eye are very similar to the human eye (Stefansson et al., 2005) . The waveform of the conventional mfERG response from the porcine eye and human eye are also similar (Ng et al., 2008; Voss Kyhn et al., 2007) . The response is shaped by large contributions from ON-and OFFbipolar cells (Ng et al., 2008) ; thus we expect comparable retinal physiology in human and porcine eyes, and we expect that the porcine eye will be suitable for studying the global flash paradigm, presumably because of similar inner retinal contribution to the mfERG reported from our previous study on the porcine eye (Ng et al., 2008) .
The aim of this study was to examine the cellular contributions of the porcine global flash mfERG and hence, with this information, to gain a better understanding of the cellular basis of the human global flash mfERG and the characterization of contrast-modulated dependency on both direct component (DC) and induced component (IC) responses. It is possible to examine various aspects of retinal response in isolation using pharmacological dissection: ISO depresses NMDA receptor-mediated responses and TTX blocks spiking activity, such that inner retinal responses can be suppressed. APB and PDA block ON-and OFF-pathway responses, respectively. We used the simplest global flash mfERG stimulation sequence (Chu et al., 2006 (Chu et al., , 2007 to produce the mfERG waveform, and used pharmacologic agents, alone and in combination, to block the activity of particular retinal cell types or circuits of the porcine retina.
Methods

Animals
The mfERG recordings were obtained from 14 eyes of 10, normal, 6-weekold Yorkshire pigs. Animals were anesthetized initially with ketamine (20 mg/ kg IM), xylazine (2 mg/kg IV) and were treated with propofol (14-20 mg/kg/h IV). Lactated Ringer's solution was administered by intravenous perfusion and artificial ventilation following orotracheal intubation was used to maintain the blood SpO 2 level at 95-100% throughout anesthesia. Rectal temperature was maintained at 38-39°C using a circulating hot water heating pad and blanket. Heart rate and SpO 2 levels were monitored throughout the experiment. Pupils were fully dilated with 1% tropicamide and 10% phenylephrine, and the ocular surface was anesthetized with 1% proparacaine HCl. After obtaining control recordings from all eyes, inhalation of isoflurane (ISO) (4%) with 100% oxygen supply was used to replace propofol in order to facilitate prolonged anesthesia recommended by the animal care guidelines of veterinary medicine, as hypotension and transient apnea are experienced in long-term usage of propofol. All experimental and animal care procedures adhered to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and were approved by the North Carolina State University Institutional Animal Care and Use Committees and the Animal Ethics-Subcommittee of The Hong Kong Polytechnic University.
Stimulation
The stimulus pattern was presented on a Hewlett-Packard 17 00 CRT monitor (Model No: s7540) , and an Apple Macintosh G4 computer was used to run the mfERG program (VERIS 5.01, EDI, San Mateo, CA, USA). The working distance from the screen to the tested eye was 20 cm, so the stimulus pattern subtends the visual angle close to 60°. The mfERG was measured using the simplest global flash paradigm with the pattern consisting of 103 non-scaled hexagons; each m-sequence of the stimulus contained four video frames (each frame lasts 11.8 ms with a frame rate of 85 Hz). During stimulation with multifocal flashes, each hexagon was either flashed (160 cd/m (Fig. 1a) . The average luminance of the multifocal flash frame was about 80 cd/m 2 and the background was set to this value. The recording time for each stimulation cycle was approximately 3.2 min.
Recordings
Conjunctival sutures were inserted 2 mm from superior and inferior limbus, respectively, to prevent the drift of ocular orientation during recording. The eyelids of the tested eye were held by an eye speculum. A monopolar ERG-jet contact lens electrode (Universal SA, La Chaux-de-Fons, Switzerland) was used as an active electrode. It was placed on the cornea with ocular lubricant (Lacryvisc gel 0.3%, Alcon Cleveland, OH, USA) and Grass subdermal F-E7 electrodes (Astro-med, Inc., West Warwick) were applied subcutaneously at the rostrum and the temporal canthus of the tested eye as ground and reference electrodes, respectively. The refractive error shown by retinoscopy at 20 cm viewing distance with the contact lens electrode in place was fully corrected by a 70-mm diameter ophthalmic lens placed in front of the porcine eye. ERG signals were amplified by a Grass amplifier (band pass: 1-300 Hz; gain: 20,000Â; Model CP122 bench-top style amplifier; Grass Instruments, Inc., Quincy, MA, USA). Before each recording, in order to maintain the same alignment between the eye and the stimulator, a short conventional mfERG recording was performed and the 3D topography was used to locate and to align the positions of the optic nerve head and the visual streak (Fig. 2a) .
Intravitreal injections
Intravitreal injections (25 lL) were made 3 mm posterior to the superior limbus with a sterile 27-gauge needle inserted through the pars plana. Assuming that the vitreal volume is 2.0 mL, the intravitreal concentrations of the pharmacologic agents (Sigma-Aldrich, Missouri, USA) used were: Tetrodotoxin (TTX: 5 lM), N-methyl-D-aspartic acid (NMDA: 4 mM), 2-amino-4-phosphonobutyric acid (APB: 1 mM) and cis-2,3-piperidinedicarboylic acid (PDA: 3.5 mM). These concentrations are sufficient to have the desired effects on the flash ERG and mfERG in primates (Hare & Ton, 2002; Hood et al., 2002; Ueno, Kondo, Niwa, Terasaki, & Miyake, 2004) and pigs (Lalonde, Chauhan, & Tremblay, 2006) . The specific actions of the above individual drugs in pig eyes had been reported in a recent study (Ng et al., 2008) . Treatment of TTX and NMDA was applied for all eyes, while eyes were randomly divided into two groups to investigate the effects of APB or PDA. Recordings were made at least 1.5 h after each drug administration for the stabilization of the effect. Binocular indirect ophthalmoscopy was performed just after each intravitreal injection and conjunctival suturing to ensure the retinal integrity.
In all cases, the consecutive porcine mfERGs for each pig were measured in two different days in order to minimize the effect of prolonged anesthesia. The mfERG measurements up to the treatment of TTX were performed on the first day, while the treatments of TTX + NMDA, APB or PDA and APB + PDA were performed on the day after next. The total length of the period of anesthesia for each pig was around 6 h per day. 
Data analysis
First-order kernels were analyzed using the VERIS 5.01 software. The 103 individual mfERG responses from each pig eye were grouped differently into two regions according to the regional DC response amplitude; region with responses with amplitudes within the top 25 percentile were grouped to represent the visual streak, while the other regions were grouped as the area outside the visual streak except the optic disc area (Fig. 2b) (Ng et al., 2008) . The grouping criterion was based on the assumption that the amplitude would be proportional to the cone and ganglion cell density of the porcine retina, where the densities of cone and ganglion cell in porcine peripheral retina are less than about 70% from those of the visual streak (Chandler et al., 1999; Garca, Ruiz-Ederra, Hernandez-Barbachano, & Vecino, 2005) . The mfERG findings were represented by peak-to-peak response amplitude measurements of the relevant component (DC, IC or wavelets) and the effects of various drug administrations to the mfERG responses were compared using ANOVA with Bonferroni post hoc correction.
Results
Control recordings
The array in Fig. 2b shows typical localized global flash mfERG responses (control data) from one of the porcine eyes at 99% stimulus-contrast level and the grouped response is shown in Fig. 2c . As with the human global flash mfERG response, the waveform contains two components, the DC (direct component) and IC (induced component). The DC consists of an initial major trough (N1) at 14 ms followed by a major positive component (P1) at 30 ms, and there are two small wavelets overlaying the leading edge and the trailing edge of P1. The IC waveform contains a P2 peak at 65 ms. The responses were grouped into two regions, the visual streak and the para-retina (outside the visual streak), apart from larger responses obtained from the visual streak, there were no obvious differences in waveform between the two regions (Fig. 2b) . Because of the invariant global flash mfERG response across the retina, the visual streak responses were used to investigate the cellular contributions of the global flash mfERG response.
Effects of ISO, TTX and NMDA
The amplitudes and implicit times of the grouped responses from the visual streak before and after the application of ISO, TTX and NMDA are summarized in Table 1 . Fig. 3a shows the averaged mfERG responses from the visual streak from one of the porcine eyes before and after inhalation of 4% ISO. After application of ISO, there was no remarkable change in the waveform; however the P2 and N3 of the IC showed a small reduction in amplitude, although these were not statistically significant and there was no change in implicit time (Table 1) .
Application of TTX together with ISO made the oscillatory wavelets during both DC and IC phases of the response merely become more visible, but the general shape of the response remained essentially unchanged (Fig. 3b) . The ISO + TTX application further reduced the response of N2 in the DC and P2 and N3 of the IC, but only the amplitude reduction of P2 in the IC (p < .01) was statistically significant (Table 1) .
However, the shape of the global flash mfERG waveform changed prominently after NMDA had been added (Fig. 4a) . NMDA removed nearly all the higher frequency components of the early DC, which now showed smooth leading and trailing edges. It also modified the shape of the IC, producing a significant delay (p < .001) in the P2 and a shift of N3 to an earlier implicit time; the amplitude of P2 (p < .001) and N3 (p < .01) of the IC were also reduced significantly (Table 1) .
By subtraction of the post-ISO + TTX + NMDA response from the control response, the component removed by ISO + TTX + NMDA can be obtained. This ISO + TTX + NMDA-sensitive component contained a series of regular oscillation-like wavelets (W1, W2 and W3) superimposed on a sloping gradient before 50 ms. A prominent corneal-positive component with peak at 65 ms composed the rest of the waveform (Fig. 4b) , and this late prominent peak was consistent with the original IC waveform.
Effects of PDA and APB
To investigate the effects of PDA and APB on the residual mfERG response, responses were recorded after injection of PDA on 7 porcine eyes and APB was applied to another 7 porcine eyes. Amplitudes and implicit times of the resultant waveforms after the application of APB and PDA are summarized in Table 2 . PDA significantly reduced the implicit time of N1 (p < .05), while APB significantly reduced the amplitude of P1 (p < .01) and N2 (p < .001) with a significantly delay of N1, P1 and N2 responses (p < .001) ( Table 2 ). Fig. 5 shows the responses from two different porcine eyes which received an injection of PDA or APB after ISO + TTX + NMDA. Application of PDA produced no statistically significant change in the waveform, but a small cornea negative-positive component (which shows a close resemblance to the response after application of APB) was removed. The estimated components from ON-and OFF-bipolar cells were extracted by subtraction of post-APB and -PDA responses, respectively, from the preceding response. The application of APB + PDA significantly reduced both P1 and N2 amplitudes (p < .001), and all the implicit times were significantly increased (p < .001) ( Table 2) . Fig. 6 illustrates the possible contributions to the porcine global flash mfERG; they are mainly divided into outer and inner retinal contributions. Both the DC and IC contain inner retinal response, but the IC is mainly composed of the inner retinal contribution. Although the DC is shaped partly by the oscillation-like wavelets, it is largely composed of the responses generated from the ONand OFF-bipolar cells.
Effect of contrast modulation
In order to examine the porcine contrast response function of the global flash mfERG, the stimulus-contrast settings of the multifocal flashes were altered in the same way as the one from our previous studies (Fig. 1b) (Chu et al., 2006 (Chu et al., , 2007 . Fig. 7 shows the DC and IC contrast response functions obtained from the visual streak and the area beyond it from the control data. The porcine IC contrast response functions from both areas show a nearly constant (but low) rate of amplitude increase with the contrast levels. Besides, the DC contrast response functions from both areas show a similar characteristic of approximate fixed rate of amplitude increase with contrast levels.
For better understanding of this characteristic, the mfERG waveform at the visual streak under different contrast levels of post-ISO + TTX + NMDA and the component removed by ISO + TTX + NMDA were further investigated (Fig. 8) . Both the DC amplitude of post-ISO + TTX + NMDA and the IC amplitude of the component removed by ISO + TTX + NMDA generally increased with increasing contrast levels. The contrast response function of the DC under ISO + TTX + NMDA in Fig. 9a shows a nearly linear function with increasing contrast levels.
The contrast response function of each component involved in the DC was also investigated (Fig. 9b and c) . The contrast response functions from the estimated ON-bipolar cell, OFF-bipolar cell and photoreceptor also showed an approximately linear function with increasing contrast levels (Fig. 9b) . The amplitude of W1 increased with increasing contrast levels, while the amplitude of W3 did not change significantly with variation of the contrast levels. However, W2 showed an obvious independence of contrast modulation for higher contrast levels.
Discussion
This study demonstrated the cellular origins of the porcine global flash mfERG using an established pharmacological dissection method for isolating particular contributions to the mfERG (Hood Ueno et al., 2004; Viswanathan, Frishman, & Robson, 2002) . As with the human retina, the porcine retina is cone-rich and the cone-to-rod ratio is close to that found in the para-macular region of the human retina (Chandler et al., 1999; Curcio, Sloan, Kalina, & Hendrickson, 1990) . Although the porcine retina lacks a defined macular region, the cone cells as well as the ganglion cells are localized in a broad region in the central retina forming the visual streak. The densities of cone and ganglion cell gradually decrease towards the peripheral retina where both are less than about 70% in density in the visual streak (Chandler et al., 1999; Garca et al., 2005) . Apart from the amplitude reduction, there are no remarkable differences between the porcine global flash mfERG responses at the visual streak and the peripheral retina. This suggests that these two retinal regions are very similar. The porcine mfERG waveform from this global flash paradigm contains mainly two components (DC and IC), and this mirrors the response in humans. It has been suggested that the IC is affected in glaucoma (Fortune et al., 2002a; Palmowski et al., 2002) , similar results have also been reported in our previous studies (Chu et al., 2006 (Chu et al., , 2007 and thus the IC is thought to be originated predominantly from the inner retina (Sutter et al., 1999) . However, the large intersubject variability of the IC (Shimada, Li, Bearse, Sutter, & Fung, 2001 ) and the poor correlation between the localized IC responses and the visual field defect (Fortune et al., 2002a) limited so far the validity in using IC for the assessment of localized glaucomatous damage in individual patients. The DC is thought to be analogous to the conventional mfERG flicker response, but it is also believed to reflect the level of light adaptation because of the effects of periodic global flashes (Shimada et al., 2005) . It shows certain optic nerve head response contributions (Sutter et al., 1999) , and it may show early changes in diabetic retinopathy (Shimada et al., 2001 ) and age-related maculopathy (Feigl, Brown, Lovie-Kitchin, & Swann, 2005) . As shown in the contrast-modulation paradigm in our previous studies, the DC can be used for detecting response change in glaucoma patients and it demonstrates good correlation with the visual field defect (Chu et al., 2006 (Chu et al., , 2007 . Cellular contributions of the porcine global flash mfERG provide additional information regarding the DC and IC, which assist in interpretation of particular changes with different eye diseases, and extend our knowledge of the basis of the human global flash mfERG.
Contributions from the inner retina
The volatile gas isoflurane (ISO) is used commonly as an anesthetic agent in surgery. However, ISO may affect the inner retinal signal (Fortune, Cull, Wang, Van Buskirk, & Cioffi, 2002b), including depression of NMDA receptor-mediated responses (Harada, Kelly, Cole, Drummond, & Patel, 1999) and suppression up to 50% of voltage-gated sodium channel activity (Duch, Rehberg, & Vysotskaya, 1998) . In addition, the porcine mfERG with ISO anesthesia shows similar effects to that obtained by optic nerve section (Lalonde et al., 2006) . Thus in our control recording, we used propofol instead of ISO as the anesthetic agent, because propofol has been reported to has minimal influence on human evoked potentials (Hans & Bonhomme, 2006) , and to give identical porcine mfERG response to those recorded under ketamine anesthesia (Lalonde et al., 2006) . However, ISO had only little effect on the porcine global flash mfERG, producing only a slight reduction of the IC amplitudes. The further administration of TTX, significantly reduced P2 amplitude of the IC; TTX was conventionally used to eliminate inner retinal activities in animal studies (Hood et al., 1999a; Lalonde et al., 2006) . TTX inhibits the voltage-gated sodium channel in the ganglion cells and some amacrine cells, where the voltage-gated sodium channel is used to trigger action potentials. Although retinal bipolar cells do not fire action potentials, the voltage-gated sodium channel has also been found in mammalian retinal bipolar cells (Ichinose, Shields, & Lukasiewicz, 2005) . Therefore, TTX effectively isolates the spiking activities of the ganglion and amacrine cells and may have little effect on the outer retina, but is powerful in removing a large inner retinal contribution of the primate mfERG (Hare & Ton, 2002; Hood et al., 1999a Hood et al., , 1999b Hood et al., , 2002 . NMDA (an ionotropic glutamate agonist) was used to remove the remaining inner retinal activity that was not suppressed by TTX (Hood, 2000) .
In an attempt to further suppress inner retinal activity, ISO + -TTX + NMDA was applied. The use of TTX + NMDA has been reported to suppress most inner retinal activity with less influence on the outer retinal response in the primate mfERG (Hood et al., 2002) . Both NMDA and TTX were also reported to influence the first-and second-order responses from the conventional porcine mfERG and were useful in suppressing the inner retinal activities for the porcine retina (Ng et al., 2008) . Our results demonstrated that further use of NMDA abolished the oscillations on the leading and trailing edges of the DC of the porcine global flash mfERG, and the IC was completely removed.
After the inner retina was suppressed, the residual component of the porcine global flash mfERG is mainly generated by the outer retinal cells, where by subtraction of the post-ISO + -TTX + NMDA response from the control response, the difference (the component inhibited by ISO + TTX + NMDA) is mainly generated by the inner retina. Our results show that inner retinal activity partially shaped the DC with superimposed regular oscillation-like wavelets, where W1 and W3 shaped the leading and trailing edges of the DC, respectively, and W2 overlapped with the prominent positive peak of the DC. In addition, the sloping gradient of the oscillation-like wavelets demonstrates an underneath low-frequency component which also contributes to the DC amplitude. The IC is dominated by inner retinal activity which supports Sutter and colleagues' early hypothesis that the IC of the human global flash mfERG is generated primarily within the inner retina (Sutter et al., 1999) . Since ISO + TTX only partially affected the IC amplitude, the action potentials from inner retinal cells contribute little to the global flash mfERG and are mainly limited to the IC waveform. The remaining inner retinal contribution after ISO + TTX, that is the NMDA-sensitive component, is likely to be generated by local potentials of the inner retinal cells. Although this NMDA-sensitive component mainly contributed to the IC waveform, it also shaped the edges of the DC and contributed to the P1 amplitude.
Contributions from the outer retina
After the inner retinal influences have been essentially removed, the porcine global flash mfERG waveform is comparable to that obtained from conventional mfERG stimulation (Ng et al., 2008; Voss Kyhn et al., 2008) . We believe that the remaining DC of the global flash mfERG is mainly composed of contributions from photoreceptors, and ON-and OFF-bipolar cells, and our findings are consistent with previous findings (Ng et al., 2008; Tremblay, Nason, & Maleki, 2005) . To isolate these contributions, responses were recorded after injection of APB or PDA. APB is a glutamate analog that inhibits signal transmission from the photoreceptors to the ON-bipolar cells, while PDA is a glutamate analog that blocks transmission from photoreceptors to OFF-bipolar cells and horizontal cells (Slaughter & Miller, 1983) , and to the third-order neurons. Both APB and PDA were reported to be effective on the porcine retina (Tremblay et al., 2005) , and previous studies demonstrated some common influences in both porcine and primate conventional mfERG (Hare & Ton, 2002; Tremblay et al., 2005) .
By subtraction of post-APB and -PDA responses from the ISO + -TTX + NMDA response, the contributions of ON-and OFF-pathways in the remaining mfERG response can be estimated. The component removed by APB is the contribution mainly from ON-bipolar cells, and the component removed by PDA is mainly from OFFbipolar cells; these ON-and OFF-responses which we have recorded are very similar to those from primates (Hood et al., 2002) and pigs (Ng et al., 2008) .
The onset (hyperpolarization) of the OFF-bipolar cell starts just before the depolarization of the ON-bipolar cell and thus shapes the leading edge of the N1 component. Then the large ON-response (depolarization of the ON-bipolar cell) covers the effect of the OFFresponse and shapes the leading edge of the P1 component. Recovery of the OFF-response occurs slightly before the peak of P1 and the recovery of the ON-response mainly forms the trailing edge of P1. The photoreceptor response shows a small negative amplitude and may only contribute in shaping the leading edge of N1. However, the large ON-response magnitude mainly influences the shape of the DC response.
Contrast response function
The general trend of porcine DC contrast response function looks similar to that obtained from the human para-macular region, but the DC contrast response function from the porcine global flash mfERG did not show obvious variations with retinal eccentricity (as occurs in humans, Chu et al., 2006 Chu et al., , 2007 , and the DC contrast response function, either from visual streak or para-visual streak region failed to show an obvious saturation characteristic which was characteristic of the DC contrast response function from human peripheral retina.
We conclude that the DC amplitude is likely to be composed of the outer retinal response and the oscillation-like wavelets which are directly related to the contribution of the inner retinal response; it appears that contrast-modulated stimulation produces different response characteristics in these responses in the porcine eye than in humans. The resultant feature of the DC contrast response function likely depends on the ratios of these two components. In the porcine global flash mfERG, the relatively small contribution of the oscillation-like wavelets, as compared to the large outer retinal response, may contribute to a linear DC contrast response function; on the other hand, if there is a larger contribution of the oscillation-like wavelets to the global flash mfERG, this may produce a saturation characteristic as seen in the DC contrast response function of the human mfERG (Chu et al., 2006) . This study has provided an insight into the global flash mfERG and evidence that the DC is not produced purely by outer retinal activity. It further confirms that the IC is predominately produced by inner retinal activity. These findings confirm that better assessment of inner retinal function can be obtained by the global flash mfERG (Chu et al., 2006 (Chu et al., , 2007 Fortune et al., 2002a; Palmowski et al., 2002; Palmowski-Wolfe et al., 2007) than the standard mfERG paradigm. Eye diseases involving damage of inner retinal layers may reduce oscillation-like wavelets; the contribution of W2 to the DC amplitude in the mid-contrast levels may play an important role in the decrease in DC response amplitude which glaucoma patients obviously show at these contrast levels (Chu et al., 2006 (Chu et al., , 2007 . Therefore, we propose that glaucoma patients are likely to have a loss of W2 which alters the saturation characteristic of DC contrast response function. The similarity of the porcine and human global flash mfERG waveforms suggests that the retinal physiology may be comparable. However, some care should be taken in this interpretation since the different rod/cone mix across the retina and different photoreceptor or ganglion cell distribution between human eye and porcine eye may cause different responsiveness to fast adaptation that makes the different contrast response characteristics from the porcine eye. Nevertheless, the W2 showed an obvious independence of contrast modulation for higher contrast levels which may be sensitive to glaucomatous changes, thus provides the possibility of the porcine eye as the experimental glaucoma model for further investigation.
